Glycans are key participants in biological processes ranging from reproduction to cellular communication to infection. Revealing glycan roles and the underlying molecular mechanisms by which glycans manifest their function requires access to glycan derivatives that vary systematically. To this end, glycopolymers (polymers bearing pendant carbohydrates) have emerged as valuable glycan analogs. Because glycopolymers can readily be synthesized, their overall shape can be varied, and they can be altered systematically to dissect the structural features that underpin their activities. This review provides examples in which glycopolymers have been used to effect carbohydrate-mediated signal transduction. Our objective is to illustrate how these powerful tools can reveal the molecular mechanisms that underlie carbohydrate-mediated signal transduction.
presence of carbohydrate-binding proteins on the cell surface augurs the vital role of cell surface glycans in cell-cell recognition. The interaction of cell surface glycans with cell surface carbohydrate receptors is not only important for cell adhesion-it also can trigger signal transduction. This mode of information transfer is fundamental for many biological processes, including fertilization and implantation, [3] [4] [5] [6] pathogen invasion, 7 immune system activation 8, 9 or attenuation, [10] [11] [12] [13] [14] and cell proliferation. 15 Recognition of the wide-ranging contributions of glycans to signaling is mounting. 16, 17 This growing appreciation of glycan function is providing impetus to develop ligands to probe and perturb proteincarbohydrate interactions. While methods to isolate and characterize glycans from biological sources are advancing, it can be challenging to elucidate the molecular features involved in glycan recognition and function. Chemical synthesis is a powerful ally in addressing this challenge. It offers access to glycans whose structures can be varied to dissect glycan function. 18 One especially valuable class of synthetic ligands for illuminating carbohydrate recognition is multivalent displays. A hallmark of many protein-carbohydrate interactions is multivalency. Most carbohydrate-binding proteins, whether on the cell surface or secreted, are oligomers. They can exist as dimers, trimers, tetramers, or even higher order clusters. [19] [20] [21] These oligomeric proteins can bind either to multiple carbohydrate residues within a glycan or to multiple glycans on the surface of cells (Fig. 1) . [22] [23] [24] [25] The advantages of multivalency have been revealed through chemical biology studies. While it is well-appreciated that multivalent binding can enhance the functional affinity (observed affinity, also termed avidity) of cell surface protein-carbohydrate interactions, 22, [26] [27] [28] [29] it is often overlooked that multivalent binding can also improve specificity. 28, 30 If individual interactions at the cell surface were to occur with high functional affinity, it could be problematic. During the encounter of two cells (one with carbohydrate ligands and the other with a protein-binding partner), for example, the summation of multiple high affinity interactions would render binding irreversible. In contrast, low affinity multivalent interactions are kinetically labile; 31 therefore, they provide the mean to capture a cell of interest while still allowing for reversibility if the wrong cell type binds initially. 19 The properties of multivalent carbohydrate derivatives (i.e., their ability to exhibit high functional affinity and increased specificity) have stimulated the development of methods to synthesize defined multivalent carbohydrate derivatives, including polymers bearing pendant carbohydrates (glycopolymers). These agents can be employed as potent inhibitors, but their ability to cluster carbohydrate receptors provides them with an additional property-they can activate signaling. 32 Accordingly, glycopolymers have been used to mimic either polysaccharides (i.e., glycosaminoglycans), glycoproteins, mucins, or even larger entities such as viral particles or clustered glycans in cell surface microdomains. 29, 33 Because they are synthetically tractable, these surrogates can be altered to optimize a desired activity or to probe a specific biological process. 34 Over the last two decades, many scaffolds have been developed for displaying carbohydrates. These range from dendrimers, 35, 36 to oligomeric bioconjugates, 37 to polymers, [38] [39] [40] to quantum dots [41] [42] [43] and nanoparticles. [44] [45] [46] While each scaffold has unique benefits, it is the polymers that can exhibit the greatest variation in valency, individual binding group spacing, and overall architecture. Access to this structural diversity has been made possible by advances in polymer synthesis, which have provided the means not only to synthesize polymers of different structures, but also to control the properties of the polymers that result. By varying the structure of the monomer or the polymerization conditions, a multitude of complex topologies can be accessed (Fig. 2) . 47 Thus, polymers can be generated to carry out systematic investigations into the effect of glycan structure on biological function. Despite the benefits of employing glycopolymers to study signal transduction, to date this strategy has been surprisingly underutilized. Given the many new roles for glycans that are being revealed, we hope that this review will stimulate research into carbohydrate-mediated signal transduction. Because signal transduction necessitates robust glycopolymer recognition by protein receptors, we provide an overview of the structural features of glycopolymers that can influence their mechanism of protein recognition. We use these studies to offer some general parameters that might influence the abilities of glycopolymers to affect cell signaling. We also discuss examples of how glycopolymers have been employed to address specific problems in signal transduction. While there are many exciting examples where glycopolymers have been used to elicit an immune response, [48] [49] [50] [51] [52] [53] [54] we highlight those that focus on a specific signal transduction pathway.
Maximizing protein recognition of glycopolymers
In the 1970s, Schnaar and Lee 55 and Horejsí et al. 56 described methods for the synthesis of polyacrylamide-based glycopolymers. Their demonstration that these synthetic conjugates could bind lectins spurred investigations using glycopolymers as functional glycan mimics. These findings led many researchers to explore glycopolymers as potent inhibitors of carbohydrate-binding proteins. 57, 58 Accordingly, many polymerization strategies have now been applied to the generation of glycopolymers (Fig. 3) . The kind of radical polymerization reactions carried out initially (free radical polymerization, FRP) have now been complemented by controlled polymerization reactions, such as atom transfer radical polymerization (ATRP) and reversible addition-fragmentation chain-transfer polymerization (RAFT). Non-radical polymerization strategies also have emerged, including the ring-opening metathesis polymerization (ROMP), which has been used extensively in signaling studies. The synthesis of glycopolymers is beyond the scope of this review, but there many excellent resources on the topic. 39, 40, 48, 59, 60 For glycopolymers to affect signal transduction, they must bind effectively to at least one but often multiple copies of their protein receptor. Using controlled polymerization methods, many aspects of the glycopolymer structure can be altered systematically to optimize its activity. Some key parameters include the length of the polymer, the density of the carbohydrate ligands, the flexibility of the polymer backbone, and the overall structure of the glycopolymer. Thus, glycopolymers 3 Example polymer backbones generated from common polymerization strategies used in synthesizing glycopolymers. The R substituent represents a linker bearing a carbohydrate ligand, but for many glycopolymers not every monomer unit bears a carbohydrate ligand. Abbreviations: FRP = free radical polymerization; ATRP = atom-transfer radical polymerization; RAFT = reversible addition fragmentation chain transfer; ROMP = ring-opening metathesis polymerization.
can be tailored to inhibit endogenous glycan interactions with a cell surface receptor or to cluster receptors for signaling. 39, 61 Previously, we reported general principles for designing multivalent ligands; 62 subsequent studies have provided additional insight into how glycopolymer features influence activity. Some examples follow that document the interplay between glycopolymer structure and function.
Glycopolymer length and functional affinity
The advent of living polymerization reactions provided a means to alter glycopolymer length. Living polymerizations, in which the rate of elongation is more rapid than termination, are ideal processes for assembling glycopolymers of defined lengths. The separation between binding sites can vary for an oligomeric carbohydrate binding protein, and ligands that can occupy multiple binding sites will have increased functional affinity. 63 Glycopolymers of defined lengths can serve as ''measuring sticks''; their length (and valency) can be optimized to span multiple binding sites within a carbohydrate-binding protein or between carbohydrate-binding proteins on a cell (Fig. 4) . For living polymerization reactions with rapid initiation rates, the length of the polymer (degree of polymerization, DP) can be easily predicted and controlled by varying the ratio of initiator to monomer. [64] [65] [66] [67] In this scenario, an initiator to monomer ratio of 1 : 100 would afford a 100mer. This strategy of varying polymer length to bridge different lectin binding sites was shown using glycopolymers generated by the ringopening metathesis polymerization. Specifically, glycopolymer length was optimized to facilitate binding to the tetrameric lectin concanavalin A (Con A). 66 The most active glycopolymers were those that could bridge at least two binding sites within the Con A tetramer. 
Density of the carbohydrate ligands
Another method to influence glycopolymer functional affinity involves altering the carbohydrate epitope density on a polymer backbone. Studies employing glycopolymer ligands can complement those using natural glycans, whose variation in density can influence their activity. 75 With controlled polymerization reactions, the density of the carbohydrate ligand can be manipulated in two ways-copolymerization of a monomer bearing the carbohydrate epitope with a biologically inert monomer, or post-polymerization functionalization of a polymer with the carbohydrate ligand and a biologically inert ligand (Fig. 2) . 76 Using either approach, the overall length of the polymer can be kept constant, while the level of carbohydrate substitution can be varied. Cairo et al. found that increases in binding epitope density enhanced the ability of multivalent ligands to bind avidly to the lectin Con A. 77 The authors used ROMP to generate glycopolymers of various mannose densities by polymerization of different ratios of mannose-substituted monomers and biologically inert galactose-bearing monomers (Con A does not recognize galactose). Their study revealed that as mannose composition increased, both the avidity and the ability of the glycopolymer to cluster Con A increased. An examination of the role of ligand density at the cellular level was conducted by Rubinstein and coworkers. 78 They sought to prepare glycopolymers that could exploit the observed upregulation of the galactose-binding lectin galectin-3 in metastatic tumor cells. They therefore prepared N-(2-hydroxypropyl)methacrylamide (HPMA) conjugates displaying different levels (10%, 20%, or 30%) of a galactose, galactosamine, lactose, or trivalent galactose derivative. They tested the interaction of these glycopolymers with three different colon cancer cell lines (Colo-205, SW-480, and SW-620). 78 The level of galactose substitution influenced binding to some cell lines, but not others. For example, all three glycopolymers bound the SW-480 cell line, while the glycopolymers with the highest substitution levels were the most effective ligands for the Colo-205 cells and SW-620 cells. While the molecular mechanisms underlying these differences have not been determined fully, the results underscore that carbohydrate residue density can be an important parameter in devising effective cell targeting agents. These aforementioned examples might lead one to conclude that increasing the density of carbohydrate ligands on a polymer always leads to enhanced activity, but such a conclusion would be erroneous. One counter illustration is from Kiick and coworkers, who examined the ability of a series of glycopolymers to inhibit the pentameric cholera toxin (CT), 79 a member of the medically important class of AB5 toxins that have been targets for inhibitor design. [80] [81] [82] Glycopolymers were produced by coupling different mole ratios of an amino galactoside to a poly-glutamic acid backbone. Interestingly, the authors found that the glycopolymer with the lowest level of galactose conjugation was the most effective CT inhibitor. A glycopolymer that consisted entirely of galactose interacted with CT much more weakly. The authors argue that when the density of the galactose moieties decreases, the spacing between the galactose moieties increases, thus approaching the approximate distance between binding sites on CT. Because the activity is reported on a galactose residue basis, galactose residues that do not contribute to protein binding decrease the polymer's activity. In a subsequent study, the authors engineered random coiled polyglutamic acid polymers that were designed to contain galactose moieties spaced apart at specific distances. 83 The glycopolymer that had the largest spacing between galactose moieties bound CT with the highest affinity, despite having the lowest valency. Although these glycoconjugates do not yet match the efficacy of the pentavalent glycan ligands devised by the Fan and Bundle groups, [80] [81] [82] the glycopolymers are quite potent, especially when considering they are unable to occupy all five binding sites within the toxin. Like the glycopolymer strategy used by Kiick and coworkers, other methods have been developed that allow precise placement of saccharide residues on a polymer backbone, including polypeptides composed of repeating folded domains, 84 poly-(amidoamines), 85 and modified nucleic acids. [86] [87] [88] [89] [90] [91] Hartman and coworkers have devised an iterative approach for assembling polymers with controlled carbohydrate ligand spacing. 85 Their strategy entailed the sequential coupling of either an inert ethylenedioxy monomer or an alkynyl monomer that could be functionalized with an azide-bearing mannoside to generate mono-, di-, and tri-mannoside glycopolymers.
The spacing between the mannose ligands of the polymers was estimated to be 10 nm for di-mannoside and 7 nm for tri-mannoside. Interestingly, the glycopolymer containing one mannose moiety bound Con A with an IC 50 of 8 mM, much lower than that of other monovalent glycan ligands. The authors postulate that the enhanced affinity is due to the highly hydrated ethylenedioxy units on the polymer backbone, [92] [93] [94] but it also possible that the backbone itself contributes to the higher affinity. 95 In addition, the authors appended the mannosides to the backbone via a triazole linker, which may also have contributed to the enhanced binding. The glycopolymer that contains two mannose residues with an estimated 10 nm spacing exhibited only a moderate enhancement and was less potent than the monovalent ligand on a saccharide residue basis (IC 50 to 5 mM). The glycopolymer with the 7 nm spacing between saccharide residues was designed to be the most effective since it most closely matched the distance between binding sites in Con A (B6.5 nm). Indeed, it was the best ligand (IC 50 value of 1 mM) but the modest enhancement observed is not indicative of multivalent binding. Nevertheless, this defined approach could be used to prepare glycopolymers to examine whether carbohydrate spacing affects signal transmission. Another means of generating polymer constructs with defined glycan spacing is to use peptide nucleic acid (PNA) backbones. 89, 96 For example, multivalent carbohydrate displays of this type have been used to probe how the dimeric antibody 2G12 interacts with mannosylated gp120 on HIV (Fig. 5 ). 86 Because 2G12 can neutralize HIV, it is thought that compounds that bind tightly to 2G12 might serve as haptens for the development of effective anti-HIV antibodies. The displays were produced by appending mannose-containing oligosaccharides to a single-stranded PNA and hydridizing the mannosylated PNA to single-stranded DNA strands. The interactions of these assemblies with 2G12 revealed the importance of carbohydrate spacing. The authors used this strategy to generate a potent inhibitor of HIV infection. 87 While the synthesis of PNA displays is more labor intensive than assembling glycopolymers by polymerization, the study highlights how the spacing of carbohydrate ligands can be important for generating potent inhibitors. These examples all serve to illustrate that glycopolymers with the appropriate spacing of carbohydrate ligands exhibit enhanced avidity. The relevance of carbohydrate residue density and spacing in the context of signal transduction are still unexplored. For signaling to occur, multivalent ligands must organize their protein targets into competent signaling complexes. This process typically requires that the multivalent ligand can cluster multiple receptors. The ability to position carbohydrate ligands at defined distances provides the means Fig. 5 Peptide nucleic acids (PNAs) were generated to control the spacing of carbohydrates. The library of PNAs was screened against the dimeric antibody 2GI2, which binds to HIV gp120. As the distance between carbohydrates approached the distance between carbohydrate binding sites on 2GI2, the functional affinity increased.
to test whether different receptor orientations alter signaling. Indeed, data is emerging that suggests it may be important (see, for example, the results of the Kiick Group described in Section 3.1). Still, it seems likely that glycopolymers that activate signaling receptors need only to cluster them. If signaling complex assembly allows for different arrangements of receptors, glycopolymers with a variety of carbohydrate spacings should be capable of activating signaling. For randomly modified glycopolymers, extremely high levels of carbohydrate substitution may sterically block protein binding; consequently, an intermediate density of carbohydrates offers a balance amongst enhancing functional affinity, avoiding unfavorable steric interactions, and presenting carbohydrate ligand arrangements capable of facilitating receptor clustering. 10, 11, 97 
Glycopolymer length and receptor clustering
The length of a glycopolymer can influence its ability to cluster receptors and how many receptors are in the cluster (Fig. 6 ). Both of these parameters can impact whether a signal is transmitted and how effectively. It has been shown for some glycopolymer scaffolds, that as their length and valency increases, so does the number of receptor copies that they bind. 77 This relationship between glycopolymer length and the number of copies of lectin bound could be observed directly using transmission electron microscopy. 98 An example in which longer glycopolymers more effectively transmit signals than do shorter polymers has been described. Bacteria must move towards nutrients and away from toxins for survival. [99] [100] [101] One attractant for Escherichia coli that promotes chemotaxis is galactose. Signals from galactose are transmitted through the transmembrane chemoreceptor Trg. The chemoreceptors cluster at the poles of the bacteria, 102 suggesting that they might communicate with each other. Indeed, galactose-substituted polymers of different lengths uncovered the importance of chemoreceptor-chemoreceptor interactions for E. coli responses to attractants. The attractant potency of the glycopolymers depends on their ability to alter the intrinsic organization of the chemoreceptors (e.g., cluster them) in the membrane. Specifically, galactose-substituted polymers of sufficient lengths could induce chemoreceptor clustering. These glycopolymers were more potent attractants than monovalent or oligomeric attractants incapable of mediating receptor clustering. 103 Moreover, the galactose-presenting polymers could potentiate responses to other attractants, a result that highlights the ability of the chemoreceptor arrays to act as a kind of sensory organ to detect and integrate signals. 104 These studies reveal that glycopolymers can be used to explore the molecular mechanisms critical for signaling. They also highlight that glycopolymer length can influence signal strength. A similar relationship between glycopolymer length and signal transmission was observed in studies using glycopolymers as glycosaminoglycan analogs (vide infra).
105,106

Flexibility of the polymer backbone
The flexibility of the polymer backbone can also impact a glycopolymer's ability to bind to protein receptors. 62 Initially, one might assume that a rigid polymer with the correct spacing might interact with receptors more tightly, as any multivalent interaction would avoid a conformational entropy penalty. A potential downside of rigid polymers, however, is that they typically are less capable of adapting to protein interfaces; therefore, they will be less apt to adopt a spatial arrangement of glycan residues that complements those of an oligomeric carbohydratebinding protein (or cluster carbohydrate-binding proteins in a membrane). Indeed, Kobayashi and colleagues noted that rigid glycopolymers often bind weakly to lectins. 107 For glycopolymers that present their glycans in a variety of orientations, the backbone rigidity might have little impact on binding.
66
Immobilized glycopolymers also have been used to probe the role of polymer rigidity in protein recognition. 108 For example, arrays of glycopolymers of varying flexibility were tested for binding to Con A. 109 When no cross-linker was added to the polymerization, little interaction with Con A was observed. When a low mole fraction (0.5%) cross-linker was added, the lectin readily bound. When a higher level of cross-linker was employed (1.5%), binding to Con A was reduced significantly. Similarly, Miura investigated Con A binding to glycopolymeric hydrogels of different stiffness.
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They referred to these three states as follows: a flexible swollen state, an intermediate transition state, or a stiff collapsed state. Con A most avidly bound to the transitional hydrogel with intermediate flexibility, the flexible swollen hydrogel was next, with binding to the stiff hydrogel being the weakest. The flexibility of the linker that connects the carbohydrate to the polymer backbone may also contribute to protein recognition. For example, Stenzel and coworkers generated galactose glycopolymers with either a stiff poly 2-hydroxyethyl methacrylate (pHEMA) linker or a flexible polyethylene glycol (PEG) linker. 111 The authors investigated the polymers' ability to inhibit the plant lectin ricin and found the glycopolymers with the flexible PEG linker were more effective inhibitors. Given the ability of more flexible backbones and linkers to adopt a conformation/ orientation that leads to effective interactions, it seems likely that the most active signaling agents will be glycopolymers that maintain this balance and can rapidly and effectively promote protein clustering. 10, 11, 33, 34, 103, 106 
Glycopolymer architecture
Advances in controlled polymerization reactions have afforded access to diverse glycopolymer topologies (Fig. 2) . The role of glycopolymer shape in signal transduction, however, has yet to be explored extensively. A number of studies do suggest that the shape of a multivalent carbohydrate ligand is a critical determinant of its activity. If one considers a carbohydratemodified surface as ''an insoluble glycopolymer'', it is apparent that how glycans are displayed influences their functional affinities and protein binding specificities. One study showed that members of the selectin family bind only weakly to surfaces displaying monovalent sulfated galactose derivatives but avidly to surfaces that present multivalent sulfated galactose glycopolymers. 112 The carbohydrate residues were identical, but the multivalent displays had different features. Thus, the manner in which the carbohydrate moiety is displayed can have a marked influence on binding. Differences in glycan presentation have been shown to be important both for implementing glycan array technology and interpreting the data it affords. 113 To this end, different methods to fabricate arrays are being examined, from using glycolipids to immobilizing oligosaccharides via short linkers to presenting glycans on surface-linked protein or glycopolymer scaffolds. 108, [114] [115] [116] [117] [118] These data indicate that the architecture of a glycopolymer will undoubtedly influence its functional affinity for its receptor. Still, functional affinity is just one factor to consider in optimizing glycopolymer signals.
As discussed previously, signal strength can depend upon how many receptors a ligand can recruit to the signaling complex, the orientation of clustered receptors, 119 and the rate at which a glycopolymer induces clustering. The link between signal transduction and receptor endocytosis [120] [121] [122] offers another means by which glycopolymer topology might alter activity. There is growing evidence that the size of a ligand, its shape, and perhaps even whether it is soluble or insoluble all are factors that influence signaling, endocytosis, and trafficking. 123, 124 For instance, the dendritic cell lectin Dectin-1 is capable of eliciting an immune response to particulate antigen; however, soluble antigen fails to elicit a response. 125 While the field currently is lacking systematic investigation of how the shape of glycopolymers influences their signaling ability, there has been an assessment of how different multivalent carbohydrate ligands influences their mode of interaction with a lectin. 77 Gestwicki et al. generated a variety of multivalent mannosylated ligands, including bi-and tri-valent small molecules, globular protein conjugates, dendrimers, linear polymers of controlled lengths, and high molecular weight polydisperse polymers, and evaluated these conjugates in a battery of assays that report on different aspects of their ability to interact with Con A. Compounds were evaluated for their ability to block Con A binding to immobilized glycan, but also many activities relevant for signal transduction: induction of lectin clustering (a quantitative precipitation assay 126 that also assessed the stoichiometry of lectin to ligand), the rate of induction of clustering (turbidity assay 127 ) , and the distance between receptors in a cluster (fluorescence quenching 128 ). The oligovalent small molecules and dendrimers were not potent inhibitors nor were they able to cluster Con A, suggesting these types of structures might be less effective at eliciting signaling. Alternatively, ligands with high molecular weights, such as the carrier protein conjugates and polydisperse polymers, could bind many copies of Con A; however, fluorescence quenching experiments indicated the bound receptors were not in close proximity to one another. These data suggest that the larger ligands may not be as efficient at eliciting signal transduction. Well-defined glycopolymers efficiently clustered the lectin, and proteins within the cluster were proximal. In another study comparing star polymer scaffolds, significant differences in lectin clustering also were observed. Medium-sized star-polymers were more efficient at clustering the lectin than were large starpolymers. 129 Linear glycopolymers, however, were more efficient at interacting with Con A than the star-shaped polymers. Together, the data indicate that ligand architecture can have a profound effect on the mechanism by which a glycopolymer engages its receptor. Comparisons between linear glycopolymers, which typically exist as individual entities in solution, and diblock copolymers, which have the propensity to form micelles in solution, have revealed differences in their ability to cluster proteins. 130 Contrasting linear glycopolymer 1 (Fig. 7) and micelles formed from the assembly of block copolymer 2 was instructive. Con A interacted more strongly with the glycopolymeric micelle than with the linear polymer. Subsequently, the potency of the micelles was augmented by generating block copolymers that display the carbohydrate binding groups in clusters (Fig. 8) . 131, 132 As predicted, the clustered glycopolymer-derived micelle was even more effective at clustering Con A. The density of glycopolymer presented by the micelle can be altered by doping in an inert polymer during self-assembly. This strategy was employed by Wooley and colleagues, who utilized ATRP to generated a diblock glycopolymer containing a mannoside moiety at one terminus and a diblock polymer with no functionality on its terminus. 133 Mixing various ratios of the two polymers in water resulted in their assembly into micelles with a mannose composition that ranged from 0% to 100%. Increasing the ratio of mannose glycopolymers in the cross-linked micelle increased its ability to block Con A mediated hemaglutinin. The factors that govern protein recognition by the aforementioned conjugates, including glycopolymeric micelles are complex. The investigations carried out to date on glycopolymeric micelles suggest that they are highly effective at clustering proteins. It seems reasonable, therefore, to postulate that they can be used to deliver powerful signals. Their utility for this purpose, however, has not been investigated. Indeed, many interesting glycopolymer structures have not been tested as signal activators.
Mimics of surface glycans
Since all cells present a glycan exterior, it is not surprising that signal transduction can arise from interactions between cell-surface carbohydrate-binding proteins and cell surface-glycans. Glycopolymers have been used to mimic a variety of different types of cell surface glycans, including N-glycoproteins, mucins, and glycosaminoglycans. In this way, glycopolymers can be used to probe how cells communicate with each other or how a pathogen facilitates infection.
Mimics of mucins
The ability of glycopolymers to mimic mucins 53, 134 has been explored extensively in the context of selectin-mediated inflammation.
In the inflammatory response, leukocytes are recruited to a site of injury or infection. 1, 135, 136 The process involves multiple steps: leukocytes roll across the endothelium; adhere tightly to the endothelium wall; and migrate into the inflamed tissue.
In certain disease states, aggressive leukocyte migration is detrimental. 137, 138 A key mediator of leukocyte migration is the cell-surface lectin, L-selectin, which interacts with glycoproteins displayed on the endothelium of blood vessels.
138,139
Physiological L-selectin ligands are highly glycosylated mucinlike glycoproteins capped with sialyl Lewis x (sLe x ) epitopes.
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Because its natural ligand is multivalent, it was postulated that clustering of L-selectin could be important for its function. A number of different types of glycoproteins were investigated as inhibitors of L-selectin. [141] [142] [143] Evidence that glycopolymers could cluster this leukocyte surface receptor was obtained using tailored ligands. Using ROMP, a series of different length glycopolymers bearing a 3,6-disulfogalactose ligand and a fluorescent tag were screened for binding to L-selectin-positive cells. 144 Because each polymer bore only one fluorescent tag, it was possible to determine the ratio of L-selectin bound to polymer. As the valency of the polymer increased, so did the ratio of L-selectin to polymer, providing evidence that the ligands cluster L-selectin on the cell surface. Further investigations of L-selectin targeted glycopolymers suggested that they could promote L-selectin-mediated signaling. Specifically, the polymers not only bind to L-selectin but also facilitate its downregulation (Fig. 9) . 145, 146 Treatment of lymphocytes with glycopolymer 3 resulted in a dramatic decrease in cellsurface L-selectin levels. The data indicated that ligand binding triggered the proteolytic release (or shedding) of L-selectin. Consistent with this mechanism, after cells were exposed to the glycopolymers, soluble L-selectin was detected. Monovalent ligands were unable to mediate shedding of L-selectin. The accumulated data suggest that clustering of L-selectin leads to a signal transduction cascade that results in L-selectin shedding. 147 Thus, glycopolymers are highly potent inhibitors of L-selectin function through multiple mechanisms: they block interactions of L-selectin with endogenous ligands, promote L-selectin loss from the cell surface, and generate a soluble form of the protein that can inhibit cell surface interactions. In a subsequent study, Kiick and coworkers investigated the role of carbohydrate-spacing in activating L-selectin shedding. 148 Fig . 7 Stenzel and coworkers synthesized linear glycopolymers and diblock glycopolymers, which self assembled to form glycopolymeric micelles. The glycopolymeric micelle was more efficient at clustering Con A than the linear glycopolymer. Fig. 8 An investigation of the role of ligand clustering. Glycopolymeric micelles displaying carbohydrate clusters were much more effective at clustering the lectin Con A.
Using a polypeptide backbone, sialylated ligands were appended to give a polymer with ligands separated by distances estimated to range from 17-35 Å and a polymer with carbohydrate moieties separated by 35-50 Å. The polymer with shorter carbohydratespacing was more effective at eliciting L-selectin shedding than the polymer with the longer spacing. The diameter of L-selectin is thought to be about 22 Å, which falls in the range of the polymer with shorter carbohydrate-spacing. Still, both polymers should be capable of clustering L-selectin, so the origin of the differences is not obvious. The authors raise the possibility that optimal ligand spacing may be important in eliciting signal transduction.
Mimics of pathogen glycans
The carbohydrates on the surfaces of pathogens can engage host receptors and activate signaling. Many pathogen recognition receptors (PRRs) of the innate immune system have evolved to recognized conserved carbohydrate epitopes on the pathogen surface. One key family of PRRs includes the C-type lectin receptors (CLRs), whose members are named for their dependence on calcium ions to facilitate carbohydrate binding. 149 Several CLRs are found on dendritic cells (DCs). 150 DCs are the major antigen-presenting cells of the immune system, and DC lectins function as antigen receptors, as regulators of DC migration, and as facilitators that mediate binding to other immune cell types. 151, 152 The multiple functions of DC lectins contribute to an appropriate immune response. One CLR of particular interest, DC-specific ICAM-3-grabbing non-integrin (DC-SIGN), is a lectin implicated in numerous functions. 153, 154 Through interactions with high mannose glycans or fucose-containing Lewis-type antigens on self-glycoproteins ICAM-3 and ICAM-2, DC-SIGN can mediate T cell interactions and trans-endothelial migration. [155] [156] [157] In addition, DC-SIGN is thought to play a role in pathogen recognition and processing, as anti-DC-SIGN antibodies are internalized, processed and presented to T cells. 158 Despite its putative role in healthy immune function, DC-SIGN is exploited by a variety of pathogens, which deploy pathogen-specific mechanisms. 159, 160 DC-SIGN binds to the mannosylated envelope glycoprotein gp120 on HIV-1 to mediate infection of T cells in trans. 7, 156, 161 Alternatively, binding of DC-SIGN to mannosylated glycoproteins on the surface of Mycobacterium tuberculosis activates signaling pathways that lead to immunosuppression. 162 How each pathogen exploits DC-SIGN to take advantage of distinct escape routes remains unclear. Glycopolymers may prove critical tools in understanding the role of antigen structure on DC-SIGN function. Initial studies of DC-SIGN primarily focused on inhibitors (Fig. 10) , as inhibitors could block its ability to disseminate viruses, such as HIV. [163] [164] [165] [166] Haddleton and coworkers, for instance, synthesized mannose-substituted glycopolymers using ATRP. 167 They controlled the ratio of a mannoside (DC-SIGN ligand) and galactoside (non-binding) moiety incorporated into the polymers. This strategy of using a non-binding carbohydrate group as a spacer ligand is identical to that employed by Cairo et al. (Section 2.2).
As their mannose density increased, so did the ability of the glycopolymers to disrupt the gp120-DC-SIGN interaction. Polymer scaffolds also served as vehicles to present noncarbohydrate glycomimetics (such as 4) 168 to DC-SIGN. 97 The functional affinity of the glycomimetic was found to be enhanced significantly over that of the monovalent glycomimetic. Increasing evidence suggests that the propensity of pathogens to appropriate DC-SIGN arises from the lectin's ability to Fig. 9 Glycopolymers were used to promote L-selectin signal transduction. Upon clustering of the surface L-selectin by the glycopolymer, signal transduction occurs that leads to the proteolytic cleavage of L-selectin. Fig. 10 Various inhibitors of DC-SIGN. For compound 4, R = H for a monovalent inhibitor; alternatively, R can be a linker appended to synthetic polymer or protein backbone. participate in signal transduction complexes. 169, 170 DC-SIGN also is involved in antigen uptake. It can internalize a variety of synthetic multivalent ligands, including mannose-functionalized gold nanoparticles, 171 glycoprotein surrogates, 16 mannosylated dendrimers, 172 and glycopolymeric nanoparticles. 173 Whether these synthetic multivalent mannose derivatives promote signaling in dendritic cells is largely unknown. Data are emerging that implicate DC-SIGN in transducing signals. Narasimhan and coworkers generated mannosylated nanoparticles that were capable of eliciting DC maturation, a phenomenon that occurs upon interaction with antigen; however, the outcome was not entirely DC-SIGN-dependent. 173 Additionally, a study demonstrated that glycopeptidic dendrimers can be internalized by DC-SIGN, activate DC-SIGN signal transduction, and even deliver a peptide antigen for presentation to T cells. 70 In general, DC-SIGN signals in collaboration with another class of PRRs, the Toll-like receptors (TLRs). 174 TLRs bind to a wide variety of pathogenic epitopes and ultimately results in cytokine production. DC-SIGN stimulation in the presence of TLRs leads to an amplification of TLR-induced cytokine production. One potential means of regulating cytokine production is by controlling the structural features of the DC-SIGN ligand, such as the type of carbohydrate ligand, its valency, or its ability to present other epitopes that promote cross-talk between receptors. 170 Glycopolymers and related displays might therefore not only inhibit DC-SIGN but also elicit tailored signals.
There are hints that glycopolymer-promoted DC-SIGN signaling may lead to new insight into DC-SIGN function in immunity and pathogen evasion of the immune system. A recent study by Prost et al. suggests that glycopolymers that bind to DC-SIGN do elicit signaling. 16 Specifically, glycoprotein surrogates displaying glycomimetic 4 promote signal transduction. In contrast, Ribeiro-Viana et al. produced mannosylated second-generation glycodendrimers that were internalized by DC-SIGN, but no signaling was detected. 172 While neither compound has been assessed for its ability to cluster DC-SIGN, the larger glycoprotein surrogates are likely more capable of mediating DC-SIGN clustering. Thus, the extent of DC-SIGN clustering may determine the level of signal transmission. Forthcoming systematic studies using glycopolymers will undoubtedly aid in understanding how DC-SIGN mediates differential responses to distinct pathogens.
Mimics of soluble polysaccharides
Glycopolymers share with glycoproteins (including mucins) a general arrangement in which the glycans emanate from a backbone (either synthetic or proteinaceous) (Fig. 11) . In contrast, glycosaminoglycans and other polysaccharides are linear carbohydrate chains. Proteins can assemble on these linear polysaccharide chains (e.g., heparan sulfate) to mediate signaling. 175, 176 Hsieh-Wilson and coworkers demonstrated that glycopolymers could serve as glycosaminoglycan mimics. Their investigation was prompted by their interest in the role of glycosaminoglycan interactions in axon regrowth. A major barrier in functional recovery after injury to the central nervous system is the inhibitory environment encountered by regenerating axons. 177 After recruitment of astrocytes to the injury site, these cells release chondroitin sulfate proteoglycans (CSPGs). [178] [179] [180] The highly sulfated polysaccharides are the principal inhibitory components of axon regeneration, but their mechanism of action was poorly understood. The consensus was that CSPGs primarily acted as an additional physical barrier to axon regrowth. The function of CSPGs in axon regeneration was elusive because of the complexities associated with GSPG structure. Though studies had suggested distinct roles for specific sulfation patterns in GSPGs, these conclusions rested on experiments conducted using heterogeneous polysaccharides.
181-183
Hsieh-Wilson and colleagues used ROMP to synthesize glycopolymers that served as CSPG mimics. 105 They assembled polymers bearing disaccharide and tetrasaccharide sequences derived from the biologically active chondroitin sulfate-E (CS-E) epitope. The ability of the glycopolymers to promote outgrowth of hippocampal neurons was compared to that of a natural CS-E polysaccharide. As expected, the natural CS-E polysaccharide inhibited 100% of neurite outgrowth. Intriguingly, the glycopolymer bearing the tetrasaccharide also inhibited 100% of neurite outgrowth. The activity of the disaccharide-substituted glycopolymer depended on its length-as glycopolymer length increased, neurite outgrowth decreased. Access to CSPG surrogates allowed for definitive studies on the role of specific CSPG sulfation patterns in axon regeneration. Homoglycopolymers 5-7 were synthesized, and each contained a key disaccharide from chondroitin sulfate polysaccharides CS-A, CS-C, or CS-E (Fig. 12) . 106 The CSPG mimics were analyzed for inhibition of neurite outgrowth. For comparison, the natural polysaccharides enriched in the three sulfation patterns were tested. Interestingly, only CS-E glycopolymer 7 and the CS-E enriched preparations blocked neurite outgrowth. These data suggest that sulfation at both the 4-and 6-position of N-acetylgalactosamine in CS polysaccharides is required for inhibition. The authors found that CS-E glycopolymer 7 could promote signaling. CSPGs and myelin inhibitors activate Rho/Rho-kinase (ROCK) and epidermal growth factor receptor (EGFR) pathways to impede axon regeneration. [184] [185] [186] Pharmacological inhibition of ROCK and EGFR with small molecules reversed the inhibitory effects of CS-E glycopolymer 7 on the cells. Analogous effects were observed on cells treated with natural polysaccharides enriched with CS-E. The ability of CS-E surrogates to elicit downstream signaling events suggests that they interact directly with a cell-surface receptor. CSPGs can engage protein tyrosine Fig. 11 The structure of mucins closely resembles that of glycopolymers. Proteoglycans, however, have a different binding epitope arrangement than that found in glycopolymers. It is a testament to glycopolymer utility that they can function as glycosaminoglycan mimics.
phosphatase PTPs, a glycosaminoglycan binding cell-surface receptor, 187, 188 and this interaction may be involved in axon regeneration. PTPs was screened in a carbohydrate array and found to interact only with the sulfation pattern present in CS-E polysaccharides. In addition, deletion of PTPs attenuated the inhibitory effects of glycopolymer 7. Therefore, CS-E enriched CSPGs may signal through PTPs to inhibit axon regeneration. These investigations highlight the power of glycopolymers to act as functional mimics of chondroitin sulfate proteoglycans. They also underscore the remarkable ability of glycopolymers to mimic a wide range of glycans. Further highlighting that point, antibodies raised against CS-E glycopolymer were specific for the CS-E epitope and had no cross-reactivity with other sulfated glycans. 106 These studies emphasize the utility of glycopolymers for activating and probing signaling pathways that involve proteoglycans or other polysaccharides.
Assembling multireceptor complexes
CD22 is a member of the Siglec (sialic acid binding immunoglobulin-like lectins) family. Siglecs are prevalent on the surfaces of immune cells, where they play key roles in innate and adaptive immunity. 189, 190 Glycopolymers have been used to probe how one member of the Siglec class, CD22, leads to attenuation of B cell responses. Initiation of an immune response and the prevention of autoimmunity is influenced by the ability of the B cell antigen receptor (BCR) to transmit signals that both positively and negatively regulate B lymphocyte survival, proliferation, and differentiation. 191 Co-receptors that modulate BCR signaling help ensure that distinctions between self and non-self are made. CD22 is an inhibitory coreceptor that can attenuate BCR signaling. 190 Studies in CD22-deficient mice suggest that CD22 acts to increase the threshold for B cell activation. [192] [193] [194] recognizes a-(2,6)-linked sialylated glycans, 195 which are present on some antigens but also abundant on the surface of B cells. 195 Cis interactions between CD22 and proximal surface glycans can mask the coreceptor to exogenous (trans) ligands. No binding of even multivalent trisaccharide CD22 ligands was observed, until the cells were treated to remove or disable cell surface sialic acid residues. 14, [196] [197] [198] [199] Paulson and coworkers, however, generated modified oligosaccharide derivatives with higher affinity for CD22, and multivalent displays of these ligands could outcompete the cis interactions to bind CD22 in trans.
14 Data indicate that the functional role of the cis interactions between CD22 and surface glycoproteins is to sequester CD22 from the BCR prior to antigen stimulation. 13, 200 In addition to the importance of cis interactions, evidence had been mounting that trans interactions are relevant. 12, 201 A molecular mechanism by which trans interactions alter signaling can be formulated. CD22 possesses cytoplasmic motifs that can recruit a phosphatase to the BCR signaling complex to counteract kinases that lead to B cell activation. If trans interactions are relevant, antigens that can co-cluster CD22 and the BCR should give rise to attenuated immune activation. Mixed glycopolymers provided an ideal vehicle with which to test this model, both at the level of signal transduction in cells 11 and immune suppression in vivo.
202
Glycopolymers were used to elucidate a role for trans interactions with CD22 in modulating B cell signaling (Fig. 12) . 198 Glycopolymers were synthesized that display glycan ligands for CD22 (Fig. 12, R 2 = H) and the 2,4 dinitrophenyl (DNP, R 1 = ÀNO 2 ) hapten that could engage the BCR. DNP-displaying polymers had been shown to elicit activation in a B cell line with a DNP-binding BCR, 10 and this cell line was used to test whether trans interactions could influence signaling through CD22 (Fig. 13) . 11 Specifically, if only cis CD22 interactions are relevant, CD22 would be masked, and the polymers would interact solely with the BCR to promote B cell activation. In contrast, if the polymers engage both the BCR and CD22 through trans interactions, B-cell activation would be dampened. To determine the outcome, a DNP homopolymer, CD22L homopolymer, and CD22L-DNP copolymer were employed. A hallmark of B cell signaling involves the influx of intracellular Ca 2+ . If BCR signaling is activated, as with DNP homopolymer, 10 an influx of Ca 2+ should be observed. The CD22L
homopolymer did not elicit any change in intracellular Ca 2+ , consistent with its inability to bind the BCR. If the copolymer could recruit CD22 to the BCR complex, B cell activation should be suppressed and Ca 2+ influx should be modulated. It is that outcome that was observed. These data indicate that co-clustering of CD22 and the BCR results in signal attenuation. These glycopolymers were used further to identify which proteins involved in BCR signaling were activated and which were deactivated upon co-clustering of CD22 and the BCR. Paulson and coworkers carried out in vivo studies that highlight the role of trans interactions with CD22 for attenuating B cell activation. 202 Using a polyacrylamide polymer functionalized with a nitrophenyl hapten (R 1 = H) and a high affinity CD22 ligand (R 2 = biphenyl), mice were treated with the glycopolymers and their B cell response was measured. The glycopolymers were non-immunogenic, and they promoted long-lived tolerance, preventing B cell responses when the mice were challenged with an immunogen. When mice deficient in CD22 were treated with these polymers, no tolerogenic response was observed. Together, the cell-based and in vivo investigations lead to the importance of trans CD22 interactions. They support a role for antigen glycosylation as an innate form of self-recognition. 201 These experiments also demonstrate the utility of using glycopolymers to address mechanistic questions in signaling. Polymer scaffolds can present multiple ligands for multiple receptors. Thus, they are ideal tools to dissect cross-talk between cell surface receptors. Additionally, the glycopolymers described in this section can serve as therapeutic leads for the design of agents that inhibit or suppress autoimmune responses.
Conclusions and future outlook
Cell surface protein receptors are tasked with the essential role of sensing the cell's environment and initiating a rapid response to ensure survival. These receptors rarely act as individual entities, but instead work in concert to form highly sensitive, macromolecular signaling assemblies. Glycopolymers that can promote and stabilize these complexes are powerful agents for understanding and exploiting mechanisms of signal transduction. The advent of new polymerization methods that can yield glycopolymers of diverse architecture provides the means to optimize glycopolymers to elicit or inhibit signal transduction. Thus, they can elucidate critical aspects of signal transduction that elude traditional approaches.
How glycopolymer topology influences signaling is largely unexplored, and this arena remains an exciting frontier. 125, [203] [204] [205] Glycopolymers may also prove useful in dissecting the role of oligosaccharides in the assembly of multiprotein supramolecular complexes in signal transduction. In addition to their utility in understanding signal transduction, glycopolymers have possible therapeutic uses. 206 Their ability to modulate immune responses may lead to new therapeutic strategies. [48] [49] [50] [51] [52] [53] [54] 207 For example, the Bundle and Paulson groups described heterobifunctional glycopolymers that template IgM onto the surface of lymphoma cells to elicit humoral cytotoxicity. 199 Glycopolymers are also being explored in vaccine development 208 and drug delivery. [209] [210] [211] [212] We hope that this overview will spur new applications of synthetic glycopolymers to explore and exploit diverse signal transduction processes.
Notes and References
Fig . 13 Polymers were designed to contain a nitrophenyl or dinitrophenyl hapten, a carbohydrate ligand for CD22, or both. The hapten-substituted homopolymer only interacts with the B cell receptor complex (BCR), which activates B cell signaling. A copolymer bearing a hapten and a ligand for the lectin CD22 can interact with both the BCR and CD22, which attenuates B cell activation and suppresses immunity.
